Abstract-A high penetration of solar photovoltaic (PV) resources into distribution networks may create voltage rise problem when the generation from PV resources substantially exceeds the load demand. To reduce the voltage rise, the excess amount of power from the solar PV units needs to be reduced. In this paper, distributed storage systems are proposed for the mitigation of voltage rise problem. The surplus energy from the solar PV is used to charge the distributed storage units during midday, when the power from the solar PV would be typically higher than the load level. This stored energy is then used to reduce the peak load in the evening. An intelligent strategy for charging and discharging control to make effective use of the storage capacity is discussed. The proposed voltage rise mitigation strategy is verified on a practical low voltage distribution feeder in Australia.
I. INTRODUCTION
OLAR photovoltaic (PV) resources are the most commonly observed form of distributed generation at the residential customer premises in low voltage (LV) distribution networks. Depending on their capacity, the rooftop solar PV units share the proportions of loads connected at the AC mains of residential households. Serving part of the loads locally by PV resources help to reduce stress on the distribution feeder and can improve system performance by reducing feeder loss and releasing system capacity. At the same time, integration of PV resources at a high penetration level can impose several challenges for distribution network operators. Voltage rise problem has been reported as one of those major concerns [1] [2] [3] .
Without PV resources installed, voltage along distribution feeders would typically drop from the substation to the remote end due to line impedances and loads. With integration of PV generation, voltage profile improves as voltage drop across feeder segments reduces due to reduced power flow through the feeder. However, if the generation from PV is greater than the local demand at the point of common coupling (PCC) of the PV inverter, the surplus power flows back to the grid. The excess power from PV inverters may produce reverse power flows in the feeder that would create voltage rise at the feeder. Typical peak time of the solar PV resources is noon when sun irradiance level is the highest. Household demand on the other hand is typically lower at this time of the day. LV distribution feeder may therefore experience voltage rise resulting from light load and peak PV generation at this time. However, distribution utilities need to operate the feeders without violating the voltage limits stipulated by the local standards. With high penetration of PV resources at LV level, there is a possibility of violation of upper limit voltage. Solutions need to be proposed to reduce the overvoltage problem caused by PV so that the targeted penetration level can be achieved while compliance with the system operation limits is also preserved.
Authors in [4] have proposed active power curtailment and reactive power absorption for voltage rise reduction. Active power curtailment may not be an attractive solution from economic point of view; reactive power absorption may create high reactive power flow over the network, especially for networks with high R/X ratio. It would also incur additional loss in the feeder due to high current flow [5] . Authors in [6] have also proposed reactive power based voltage control technique to mitigate voltage rise and also discussed the limitation of their technique. Application of storage devices integrated with residential PV systems was proposed in [7] to store the surplus power from the PV array during noon time. The main purpose of this work [7] was to reduce the power loss caused by not being able to use the generated power from PV. Battery storage can store this unused energy locally for use in the evening peak load period. This operation can also reduce the voltage rise problem during peak PV generation by injecting less power to the grid and storing the excess energy in the battery storage while supporting the voltage during evening peak by serving the local loads from the battery storage and hence reducing stress on the grid. This paper will present the application of battery energy storage devices to reduce the voltage rise problem in a PV solar installation. Improvement of voltage profile during evening peak by using stored energy to serve local loads will also be discussed. Modeling of storage devices and its application in voltage rise mitigation will be presented in the context of Australian electricity distribution networks.
II. THE VOLTAGE RISE PROBLEM
Voltage rise produced by solar PV resources in a distribution feeder is a result of offsetting the loads in the feeder by PV generation. Without along the feeder as shown in Fig. 1(b) for a simple redial feeder shown in Fig. 1 (a) . With PV, if all loads are perfectly balanced by PV generations at each point of connection, then ideally no active power would flow through the feeder and voltage profile would be nearly flat as in Fig. 1(c) . However, if the PV generation exceeds feeder loads, especially at furthest end of the feeder, then power flows back from feeder to the upstream network and this causes the voltage to rise, as shown in Fig. 1(d) . In this scenario,, voltage rise occurs due to the surplus power at the PCC of each PV connection. From the perspective of power injection, loads are shown in the negative P and Q axes and power injections from PV are shown in the positive P and Q axes in Fig. 2(a) . The net injection at this k-th node can be obtained as,
For a PV connection where P k PV1 < P k L, the net P injection, P k NI1 is negative as shown in Fig. 2 st quadrant where the both net P injection and net Q injection are positive. This study will only consider unity power factor (UPF) operation of rooftop PV units and the operation will be limited to 3 rd and 4 th quadrant. Ideally, the voltage rise problem would start to appear with transition of the net injection from 3 rd to 4 th quadrant, which means the generation from solar PV is exceeding the load level at the PCC. Reduction of voltage rise would therefore involve deploying a mechanism to block or reduce the surplus power from entering into the grid. Integration of storage devices with residential PV systems could play a role in this situation by using the surplus energy of PV generation to charge the battery and discharge it at some later stage when PV resources are unavailable or delivering low power. The amount of reduction of voltage rise at a given time instant will depend on the amount of power diverted to charge the battery and this depends on various factors including battery capacity, charging rate, charging method etc. Modeling of storage devices and its application in voltage rise mitigation will be discussed in the following section.
III. APPLICATION OF DISTRIBUTED STORAGE TO MITIGATE VOLTAGE RISE IMPACT
As shown in Fig. 2 , the voltage rise situation would take place when the net injection is at the 4 th quadrant. The storage device will reduce the net active power injection to a lower level so that the operating point becomes closer to the negative Q axis in the 4 th quadrant as shown in Fig. 3 (a) and (b). In the heavy load period during evening, without the storage device, the net injection would be in the 3 rd quadrant, whereas with storage it would be shifted in the right direction towards the 4 th quadrant, as in Fig. 4 (c) and (d). The capability of the storage devices to influence the net power injection and its application to voltage rise mitigation and voltage support will be discussed in the following subsections.
A. Solar PV Model
Rooftop PV installations at LV customer premises mainly consist of the solar PV modules that produce the DC power from solar insolation, and a power conditioning unit that accomplishes multiple functions including maximum power point tracking, DC-AC conversion and filtering. Ambient temperature and sun insolation level influence the currentvoltage (I-V) characteristics of the PV modules. Variation of these parameters can change the solar power output. The DC current produced by the solar PV module, I dc is given by [8] ,
where: I pv is the PV current, I 0 is the diode current, V t is the thermal voltage, a is the diode ideality factor, R s is the module series resistance and R p is the parallel resistance. Numerical method will be applied to solve the transcendental expression in (2) to find the values of R s and R p at Standard Test Conditions (STC) [9] . These parameters will then be applied to obtain the I-V characteristic of the modules at different ambient temperatures and sun insolation levels. The method used for modeling the I-V characteristics of the PV module discussed in [8] will be applied in this paper.
The first step is to fit the I-V characteristic in (2) for Standard Test Conditions (STC) by obtaining R s and R p using iterative technique. In the first iteration, short circuit current at STC, I sc,STC provided by the manufacturer will be used to find out the initial value of the photovoltaic current at STC using (4).
where, the initial assumptions of R s is zero and the initial value of R p is estimated using (5). 
With the values of the parameters obtained by (4)- (6), I-V characteristic represented by (2) is solved for I dc for a range of V dc values, {0,V oc,STC }. The maximum calculated power, according to the model, is obtained by determining the maximum value from (V dc x I dc ). Iterations will be continued until the absolute difference between this calculated maximum power and manufacturer provided maximum power becomes less than a tolerance value in the order of 1×10 -4 . After the first iteration, R s will be incremented slowly and the value of R p will be obtained using (7 
Once the values of R s and R p are found to fit the manufacturer supplied I-V characteristic at STC, the I-V and P-V characteristics at any given ambient temperature and insolation can be obtained using the following procedures.
The diode current at any given temperature can be obtained from (8),
where,
where: K I is the temperature to current coefficient, K V is the voltage to temperature coefficient, and ΔT is the difference between the given absolute cell
The absolute cell operating temperature, T cell , can be obtained from the ambient temperature, t amb , using (10) . (10) where, NOCT is the Nominal Cell Operating Temperature, defined as the cell operating temperature at 20° and 0.8 sun insiolation.
The short circuit current and the PV current at any temperature and the sun insolation level can be obtained by,
where: S is the ratio of ambient insolation level to the insolation level at STC. Using the parameter values obtained by (8)- (11), (2) will be solved again for I dc for a range of V dc values within {0,V oc }. This will produce the I-V characteristic at the given temperature and insolation level; the P-V characteristic will be obtained by multiplying I dc and V dc and the maximum power point will be determined. The DC power thus obtained at the ambient condition will be converted to the AC power using the inverter. Inverter efficiency η inv , PV module mismatch factor η mm and dirt factor, η dirt , [9] will be considered to obtain the converted AC power from DC current and voltage using,
B. Battery Storage Device Model
As discussed in Section II, the reduction of voltage rise by battery storage would depend on the amount of power being used in charging the battery. Battery power depends on battery voltage and charging current. Voltage during a charge or discharge operation is a non-linear function of the State of Charge (SoC) of the battery, as shown in Fig. 4 [10] , for a typical charging and discharging characteristic of lead-acid batteries. From Fig. 4 , it is also evident that voltages at different rates of charging and discharging are also different; this is due to internal resistance of the battery [9] . The differences in voltages are not uniform for the whole range of SoC, as the internal resistance is also a non-linear function if the SoC [11] . When the battery is at rest, that is, no current flow takes place, the voltage becomes lower [10] . Polynomial interpolation technique applied in [12] to model the discharge curves of the batteries will be used in this paper. For a given state of charge (SoC), the voltage level when charging is different to that when discharging as shown in Fig. 4 . This is due to the fact that some energy used to charge the battery is not recovered when the battery is discharged [13] . This will be considered in modeling the charge and discharge profiles of the battery. The charge and discharge profiles will be interpolated using polynomial functions.
The charging power of the battery, P chg , can be obtained from the battery voltage during the charging operation, V chg , and the charging current I chg as follows: 
where: 4 , and K 5 are the coefficients of the polynomial of the charging voltage expression and x denotes the charging state, SoC.
SoC can be found from the previous charging state, the present charging current, and the time interval between previous and present charging state as shown below,
Charging can be accomplished at different charging rates; a matrix representation of the polynomial functions of charging voltages is therefore convenient, as shown in (8) for n number of charging rates.
The discharge voltage can be obtained from a similar polynomial function and the discharge power is obtained by multiplying the discharge voltage with the discharge current as shown in (5) . 
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C. Control of Charging and Discharging Operation Under Case Study
The charging of the storage devices will take place in and around the noon period when the generation from PV will be higher than the loads. The PV system will monitor the voltage at the PCC and whenever this voltage is found above a set point and reverse power flow is detected at PCC, the system will command the charge controller to start the battery charging. It is assumed that initially the battery SoC is at a fixed level. As long as the voltage remains higher than the set point at the PCC, charging will continue until the SoC reaches a threshold level, to avoid overcharging. For a given storage capacity of the battery, the rate of charging is to be selected such that the battery capacity can be effectively used to reduce the voltage rise and also can be charged up to a substantial level to support the load when it is needed. For instance, if the charging rate is too high, the battery SoC may be near its overcharging limit earlier than the expected time, and may not be able to charge any more. This would bring back the voltage rise problem in the feeder. On the other hand, if the rate is too low, the battery may not be charged up to a level by which it can be used for a reasonable amount of peak shaving.
Discharging of the battery will be performed to shave the evening peak load when no or low PV generation is present. Discharge will commence when voltage falls below a threshold. The duration of the peak load support will depend on the amount of the stored energy in the battery. A rough estimate of this duration could be found by equating the amount of stored energy with the amount of energy required in the interval of the evening peak, where the battery will discharge. For example, using a discharge curve in Fig. 4 , if SoC m is the maximum attained state of charge prior to the start of the evening peak and DoD is the maximum allowable depth of discharge, then the amount of energy available for discharge, DE bat , can be approximately obtained using,
V 1 is the battery voltage (V) at SoC m in pu V 2 is the battery voltage (V) at DoD in pu C bat is the capacity of the battery in A-h Since the energy for discharge is limited in nature, it is important to ensure that the energy can be used during the maximum peak. If the energy is used early, it is possible that the battery is already close to its maximum depth of discharge at the peak period, when it is most needed. To make effective use of the available stored energy in the battery, it will be discharged in an interval of time that includes the maximum evening peak. The amount of energy under the peak portion of the forecasted load curve within an interval {t 1 , t 2 }, EP t1t2 , is given by,
where, D(t) represents the load curve. The interval of the evening peak where the stored energy in the battery will be discharged to shave the peak load can be approximately obtained by selecting {t 1 , t 2 } in (10) iteratively (starting from a small value and the increasing slowly) until DE bat is nearly equal to EP t1t2 .
IV. CASE STUDIES
The modeling techniques and the control strategies of the storage integrated rooftop PV systems discussed in Section III will be applied on test distribution feeders. Network analysis will be performed using three phase four wire power flow approach based on current mismatch variant of the NewtonRaphson power flow algorithm [14] .
Battery storage of 12V, 250 Ah will be integrated with each of the rooftop PV units in the feeder. Manufacturer provided charging and discharging curves of 12V lead-acid batteries available in [9] [10] [11] will be interpolated using a MATLAB function based on least-square method; the curves thus obtained are shown in Fig. 5 . 
A. Study on a test LV feeder
The control of charging and discharging operation discussed above will be applied to a simple three phase four wire test feeder shown in Fig. 6 . The LV section of this test feeder is ideally similar to the LV feeders in Australian distribution networks. Typical electric appliances used in residential households were used to model the aggregate loads at the different phases of the test feeder. The PV inverter sizes at the residential households were limited within a range of 2-4 kW. PV penetration at a given time instant was defined as the ratio of the actual PV output at any PCC to the actual active power load at the time instant considered. Voltage profiles resulting from the application of storage is shown in Fig. 7 for the bus at the end of the feeder where the change is more visible due to lower short circuit strength. At about 9 am, the overvoltage set point is crossed and the net exchange of power is now positive with a PV penetration of 111% (i.e. with a PV output of 1.73 kW while serving a load of 1.55 kW). This excess power is used to charge the battery; the battery power is shown in Fig. 8 . At midday the PV power reaches approximately 2.93 kW and load is about 1.65 kW resulting to the increase in PV penetration to 177%. For C/20 charging rate, the charging continues up to about 3 pm when the voltage drops below the threshold value. Fig. 9 shows that at this charging rate the battery capacity at 3 pm is not fully charged yet (SoC = 0.74). If the charging rate is increased to C/10, the reduction in the voltage rise is higher, as shown in Fig. 7 , due to higher amount of power being consumed by the battery during the charging operation, as shown in Fig. 8 . The SoC of the battery reaches at 0.95 at about 2 pm, which is the assumed full level of the battery, as shown in Fig. 9 and the voltage rises above the threshold at this time. This means that the storage has not been effectively used to take advantage of the full duration of the PV generation, causing a period when the voltage rises above the threshold. Using the forecasted duration of the PV generation, some intelligent control can be devised to determine the correct charging rate of the battery to ensure that the PV is fully charged only when the voltage drops below the threshold value, and hence less amount of voltage rise will be experienced by the feeder. Fig. 7 shows such a scenario can be approximately achieved by setting the charging rate to C/13. The storage stops charging at about 3 pm, when the PV penetration was about 106% with a PV output of 1.63 kW and a load of 1.53 kW. With the slow charging rate of C/20, the battery SoC reaches up to 74% of the capacity; this stored energy supports the evening peak for an interval of about 4 hours at C/10 discharge rate. This is shown as voltage improvement in Fig. 7 and power import reduction from the feeder in Fig. 8 . With the faster C/10 charging rate, the battery SoC reaches up to its set overcharging limit of 95% and more energy is available for evening support. If the discharge rate is set to a higher level at C/5, the energy depletes in a shorter time of about 3 hours, however, with a larger import reduction at the peak load (higher tariff period) as shown in Fig. 8 . For the slower C/20 discharge rate, the support can be provided for a longer duration of about 6 hours, until the minimum SoC is reached. Although maybe not all of the period has the higher tariff at the peak load, a more intelligent control could be devised to ensure that the maximum economic benefit can be achieved by integrating the charging and discharging control strategy with the electricity tariff. 
B. Study on an Australian LV Feeder
Practical distribution feeders would consist of unbalanced loads and line impedances. Patterns of load variation and PV generation would also be different from phase to phase. A model of an Australian LV distribution feeder in Western Sydney, New South Wales, was used to investigate the applicability of the proposed voltage rise mitigation strategy. A schematic diagram of the LV feeder is shown in Fig. 10 and the feeder data used for analysis are presented in Table I . Fig. 11 shows the three phase voltage profiles at the end of the feeder with (solid lines) and without (dotted lines) the effect of storage. The charging rate was selected such that the storage can absorb surplus power from PV for nearly the entire period of overvoltage. Similarly, the discharging rate and interval was set such that the evening peak load can be reduced in the period of maximum peak when the support is most essential. Fig. 12 shows the corresponding power levels in three phases; it is observed that with storage, less amount of power is being injected into the feeder during noon, and less amount of power is being imported from the feeder in the evening. Net Grid Injection also discharged to maximum allowable DoD (40%) at the end of the evening peak. To test the developed models and control algorithms in a variable PV generation environment, a practical solar PV output profile obtained from the Renewable Energy Integration Facility at CSIRO Energy Technology in Australia was used. The PV output was distorted by cloud passing effects. Fig. 14 shows the voltage rise mitigating effect of storage system. The proposed algorithm will operate the storage in charging mode only when the voltage rise is higher than the voltage setpoint; the storage will stop charging when the voltage drops below the charging threshold and enough surplus power is not available (shown in Fig. 15 ). Fluctuation in the battery power is also observed in Fig. 15 that indicates the storage device stops charging in the periods of reduced output of solar PV caused by cloud passing impacts. It is to be noted that if the charging is not stopped, the power for battery charging would be taken from the grid, which would incur additional electricity cost to the customers. The SoC of the battery in variable PV production environment is shown in Fig. 16 . In accordance with the battery power profile, the SoC remains unchanged during the periods when the battery power level was zero. Due to this reason, the SoC level did not reach the desired 95% level of the full capacity with the charging rate applied. The application of energy storage for mitigation of voltage rise problem caused by rooftop solar PV has been presented. The excess amount of power from the PV array at noontime, when PV generation is at peak level, can create voltage rise in the feeder. To mitigate the voltage rise problems, the paper proposes to utilize the surplus power to charge distributed battery storage devices to reduce the amount of active power injected into the grid. Realistic battery models incorporating the non-linear charging and discharging characteristics are used. An intelligent control strategy for charging and discharging operation is developed to make effective use of the available battery capacity. Simulation results from a realistic distribution feeder show that for a given capacity of the battery, the charging and discharging rate needs to be properly selected to ensure that battery is effectively used for the entire duration of the day.
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